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ABSTRACT
The cumulative emission resulting from hadronic cosmic-ray interactions in star-forming galaxies
(SFGs) has been proposed as the dominant contribution to the astrophysical neutrino flux at TeV to
PeV energies reported by IceCube. The same particle interactions also inevitably create γ-ray emission
that could be detectable as a component of the extragalactic γ-ray background (EGB), which is now
measured with the Fermi -LAT in the energy range from 0.1 to 820 GeV. New studies of the blazar
flux distribution at γ-ray energies above 50 GeV place an upper bound on the residual non-blazar
component of the EGB. We show that these results are in strong tension with models that consider
SFGs as the dominant source of the diffuse neutrino backgrounds. A characteristic spectral index
for parent cosmic rays in starburst galaxies of ΓSB ' 2.3 for dN/dE ∝ E−ΓSB is consistent with the
observed scaling relation between γ-ray and IR luminosity for SFGs, the bounds from the non-blazar
EGB, and the observed γ-ray spectra of individual starbursts, but underpredicts the IceCube data by
approximately an order of magnitude.
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1. INTRODUCTION
Extragalactic γ rays and high-energy neutrinos rep-
resent a census of particle acceleration and other non-
thermal processes throughout the observable universe.
Neutrinos in particular trace the interactions of relativis-
tic nuclei, which are the energetically dominant com-
ponent of cosmic rays (CRs). The IceCube Collabora-
tion has now measured an astrophysical flux of neutri-
nos at energies from 10 TeV to & 1 PeV. This signal
has been detected in various analyses and found to be
consistent with an isotropic and equal-flavor flux of neu-
trinos that is expected from extragalactic source popula-
tions. The combined best-fit power-law flux in all flavors
in the 25 TeV to 2.8 PeV energy range is E2φ(E) =
6.7+1.1−1.2× 10−8(E/100 TeV)−0.5±0.09 GeV cm−2 s−1 sr−1
(Aartsen et al. 2015a).
There are many proposed candidate sources of TeV
to PeV astrophysical neutrinos. Extragalactic source
candidates include galaxies with intense star forma-
tion (Loeb & Waxman 2006; Stecker 2007; Murase
et al. 2013; He et al. 2013; Anchordoqui et al. 2014;
Chang & Wang 2014; Chang et al. 2015; Senno et al.
2015; Emig et al. 2015), cores of active galactic nuclei
(AGN) (Stecker et al. 1991; Stecker 2013; Kalashev et al.
2014), low-luminosity AGN (Bai et al. 2014; Kimura
et al. 2015), blazars (Tavecchio & Ghisellini 2015;
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Padovani & Resconi 2014; Dermer et al. 2014; Padovani
et al. 2015), low-power γ-ray bursts (GRBs) (Waxman &
Bahcall 1997; Murase & Ioka 2013; Ando & Beacom 2005;
Tamborra & Ando 2015), cannonball GRBs (Dado &
Dar 2014), intergalactic shocks (Kashiyama & Me´sza´ros
2014), and active galaxies embedded in structured re-
gions (Berezinsky et al. 1997; Murase et al. 2008, 2013).
However, no individual high-energy neutrino sources
have been identified yet in a variety of different searches.
Constraints from up-going track event searches in Ice-
Cube (Aartsen et al. 2014c, 2015e) imply that the source
population responsible for the observed astrophysical
neutrino flux has a density of & 10−6 Mpc−3 if the con-
stituents are continuous emitters (Ahlers & Halzen 2014).
Given that the same particle interactions that pro-
duce high-energy neutrinos also inevitably generate high-
energy γ rays, multi-messenger studies can provide fur-
ther insight on the origins of the IceCube signal. For
example, the inelastic collisions of CR nucleons with am-
bient matter in interstellar and intergalactic space cre-
ate pions whose decay products include energetic γ rays
and neutrinos. This process is expected to be the dom-
inant high-energy emission mechanism in star-forming
galaxies (SFGs) and may be relevant for other hadronu-
clear sources, such as galaxy clusters. Several authors
have jointly considered the cumulative neutrino and γ-
ray emissions of extragalactic source populations in light
of recent results from IceCube and the Large Area Tele-
scope (LAT) on board the Fermi Gamma-ray Space Tele-
scope (Fermi) (e.g., Murase et al. 2013; Chang & Wang
2014; Chang et al. 2015; Tamborra et al. 2014; Ando et al.
2015).
In this study, we critically examine the hypothesis that
CR induced emission in SFGs can account for a major-
ity of the astrophysical neutrino flux measured with Ice-
Cube. We find that such a scenario is difficult to reconcile
with new studies of the extragalactic γ-ray background
(EGB) composition at energies above 50 GeV (Acker-
mann et al. 2016b), which are briefly reviewed in the next
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2Table 1
Spectral indices of γ-ray-detected starburst galaxies
Name Spectral Index Energy Range [GeV]
M82 a,b 2.21± 0.06 0.1− 100
2.5± 0.6stat ± 0.2stat 700− 5× 103
NGC 253 c 2.34± 0.03 0.2− 3× 104
NGC 4945 b 2.43± 0.07 0.1− 100
NGC 1068 b 2.32± 0.10 0.1− 100
NGC 2146b 2.37± 0.15 0.1− 100
Arp 220 d 2.35± 0.16 0.2− 100
a (Acero et al. 2015) ; b (Ackermann et al. 2012a) ; c (Abramowski
et al. 2012) ; d (Peng et al. 2016)
section. In Section 3, we compute the cumulative γ-ray
and neutrino emission expected from the evolving popu-
lation of SFGs and compare these fluxes to the γ-ray and
neutrino data. We then consider generic CR calorimeter
models in Section 4. General considerations and system-
atic uncertainties are discussed Section 5. Finally, we
consider the implications of these multi-messenger con-
straints for the origin of the IceCube signal in Section 6.
2. NON-BLAZAR COMPONENT OF THE EGB
Significant advances have been made in our under-
standing of the EGB in recent years. The spectrum of
the EGB has now been measured with the Fermi -LAT in
the energy range from 0.1 to 820 GeV (Ackermann et al.
2015a). Meanwhile, more than one thousand extragalac-
tic γ-ray sources have been individually detected, mostly
blazars (Acero et al. 2015; Ackermann et al. 2015b), and
multiple source classes are known to contribute to the
EGB at varying levels across this broad energy range
(Ajello et al. 2015; Di Mauro 2015).
Especially rapid progress has been made in the energy
range above 10 GeV, where the LAT has unprecedented
sensitivity due to a combination of large collecting area
(∼ 1 m2), excellent angular resolution (∼ 0.1 deg), and
high background rejection efficiency. The Second Fermi
Hard Source List (2FHL) includes 360 sources that are
significantly detected at energies above 50 GeV in 80
months of sky-survey data (Ackermann et al. 2016a).
At high Galactic latitudes (|b| > 10◦), the 2FHL cat-
alog is dominated by AGN, which account for 90% of
the sources; 70% are associated to specific BL Lac type
blazars, and the total blazar fraction is estimated to be
97%.
In addition to the individually resolved 2FHL sources,
which comprise ∼ 40 percent of the total EGB intensity,
the flux distribution of sources fainter than the detec-
tion threshold of about 8× 10−12 ph cm−2 s−1 has been
constrained by the statistical distribution of individual
photons (Ackermann et al. 2016b). Specifically, the num-
ber of spatial pixels containing varying numbers of pho-
tons can provide information of the number of sources at
fluxes down to about 1.3×10−12 ph cm−2 s−1. The 2FHL
catalog sources and pixel counting method together yield
a best-fit flux distribution which is well parameterized
by a broken power law with a flux break in the range
[0.8, 1.5]× 10−11 ph cm−2 s−1 and a slope above and be-
low the break equal to α1 = 2.49 and α2 ∈ [1.60, 1.75],
with dN/dS ∝ S−α.
The integral of this flux distribution is 2.07+0.40−0.34×10−9
ph cm−2 s−1 sr−1 compared to the total EGB intensity
above 50 GeV of (2.40±0.3)×10−9 ph cm−2 s−1 sr−1. In
other words, blazars comprise 86+16−14% of the total EGB
intensity (Ackermann et al. 2016b).9 The best-fit cumu-
lative intensity of residual emission, from both discrete
extragalactic sources and truly diffuse processes, is 14%,
corresponding to an intensity of 3.3×10−10 ph cm−2 s−1
sr−1 above 50 GeV. Taking uncertainties into account,
the upper bound for the non-blazar fraction of the EGB
is 28% (6.6× 10−10 ph cm−2 s−1 sr−1).
Lisanti et al. (2016) performed a similar Non-
Poissonian Template Fit (NPTF) of LAT data in the
> 50 GeV energy range and found that point sources ac-
count for at least 68+9−8% (±10% systematic uncertainty)
of the total EGB intensity. The NPTF method loses
sensitivity to sources below the single-photon limit, cor-
responding to a flux of ∼ 4× 10−12 ph cm−2 s−1 in the
Lisanti et al. (2016) analysis, and therefore represents a
lower bound on the point-source contribution, as a real-
istic source population would include contributions from
members of the same population significantly below that
flux threshold. We note that the contribution of sub-
threshold sources inferred from the photon fluctuation
analysis of Ackermann et al. (2016b) is consistent with
expectations based on blazar luminosity functions (Ajello
et al. 2015; Di Mauro et al. 2014b; Giommi & Padovani
2015). Given the consistency between the results of Ack-
ermann et al. (2016b) and Lisanti et al. (2016) above the
single-photon flux threshold, we conclude that an upper
bound on the non-blazar EGB fraction of 28% is reason-
able.
Another photon-fluctuation analysis of LAT data in
the 1 to 10 GeV energy range has been used by Zechlin
et al. (2016) to constrain the abundance of sources about
an order of magnitude fainter than the flux threshold
of the 3FGL catalog (Acero et al. 2015). That analy-
sis found that the high-latitude γ-ray sky (|b| > 30◦) is
composed of (69 ± 2)% Galactic foreground, (25 ± 2)%
point sources brighter than 5× 10−12 ph cm−2 s−1, and
(6 ± 2)% isotropic diffuse emission (including misclassi-
fied CR backgrounds). These results further support the
claim that a majority of the EGB can be attributed point
sources.
3. CUMULATIVE GAMMA-RAY AND NEUTRINO
FLUX FROM SFGS
The hadronic emission of SFGs is thought to originate
from CR interactions in interstellar space, analogous to
the diffuse emission observed from our own Galaxy. The
residency time of CRs in a given galaxy is determined
by the timescale of diffusive escape, transport by ad-
vective outflows, and hadronic interactions with ambient
gas. If the loss time is dominated by diffusive escape, the
hadronic emission follows a dN/dE ∼ E−Γ−δ spectrum
where Γ is the effective index of the injected CR nucleon
spectrum and δ is the index of the energy dependence
of the diffusion tensor. For diffusive shock acceleration,
we expect that on average Γ ' 2, although individual
9 Point sources with fluxes S > 1.3 × 10−12 ph cm−2 s−1 pro-
duce 1.47+0.20−0.24×10−9 ph cm−2 s−1 sr−1 (61% of the EGB), while
6.0+2.0−1.0 × 10−10 ph cm−2 s−1 sr−1 (25% of the EGB) is produced
by sources below that flux (Ackermann et al. 2016b).
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Figure 1. The γ-ray luminosity densities of normal galaxies (NG),
starburst galaxies (SB), and star-forming galaxies containing an
AGN (SF-AGN) following the model of Tamborra et al. (2014).
accelerators in special environments might have harder
spectra (Bykov et al. 2015). Typical values of δ consid-
ered for Galactic CR diffusion are δ ' 1/2 (Kraichnan)
or δ ' 1/3 (Kolmogorov). Note that if CRs are acceler-
ated in multiple source populations with different rigid-
ity cutoffs and mass compositions, the resulting effective
nucleon spectrum can have additional spectral features.
On the other hand, starburst galaxies, a subset of SFGs
that undergo an episode of vigorous star formation in
their central regions, have gas densities that are much
higher than observed in quiescent galaxies (Tacconi et al.
2006; Sargent et al. 2012). Diffusion in starburst galaxies
might also become weaker due to strong magnetic turbu-
lence (Thompson et al. 2009; Batejat et al. 2011), while
advective processes might be enhanced (Lehnert & Heck-
man 1996). Since losses by inelastic collisions and advec-
tion are nearly independent of energy, the hadronic emis-
sion of starbursts is expected to follow more closely the
injected CR nucleon spectrum, E−Γ. Indeed, the nearby
starburst galaxies detected at GeV and TeV energies (Ac-
ciari et al. 2009; Ackermann et al. 2012a; Abramowski
et al. 2012; Tang et al. 2014; Peng et al. 2016; Griffin
et al. 2016) exhibit harder γ-ray spectral indices than
that of the Milky Way and other quiescent galaxies, as
summarized in Table 1. Due to the harder emission and
higher pion production efficiency, the starburst subset
is predicted to dominate the total diffuse γ-ray emis-
sion of SFGs beyond a few GeV (Tamborra et al. 2014).
Provided that the CR accelerators in starburst galaxies
are capable of reaching per-nucleon energies exceeding
20 − 30 PeV, the hadronic emission can also contribute
significantly to the diffuse neutrino emission at PeV en-
ergies (Loeb & Waxman 2006).
In this section we consider hadronic γ-ray and neutrino
production in SFGs following the model of Tamborra
et al. (2014). In this model the contributions of normal
galaxies (NG), starburst galaxies (SB) and star-forming
galaxies containing an active galactic nucleus (SF-AGN)
are treated with separate luminosity functions and emis-
sion spectra. The individual γ-ray luminosity functions
are normalized to the observed infrared (IR) luminosity
function from Herschel (Gruppioni et al. 2013) using the
IR-γ-ray luminosity correlation derived by Ackermann
et al. (2012a). The γ-ray emission spectrum for an indi-
vidual source of population X is assumed to follow
dNγ,X
dEγ
∝

E−1.5γ Eγ < 0.6GeV
E−ΓXγ 0.6GeV < Eγ < 20PeV
E−ΓXγ e
−E/20PeV 20PeV < Eγ .
(1)
As discussed above, starburst galaxies are expected to
have a hard spectral index, ΓSB = Γ, whereas normal
galaxies are expected to produce softer emission, ΓNG =
Γ + δ. In our calculations we fix δ = 1/2 assuming a
Kolmogorov-like energy dependence of CR diffusion. For
the case of SF-AGN galaxies we follow the procedure of
Tamborra et al. (2014) and divide the population into
two sub-populations of NG-like galaxies with index ΓNG
and SB-like galaxies with index ΓSB according to the
weighting factors shown in their Table 2.
After integrating over the IR luminosity distributions
of the three populations X one arrives at the γ-ray lu-
minosity densities Lγ,X that are shown in Figure 1. The
γ-ray emission rate density can then be expressed as
Qγ(z, Eγ) = η
∑
X
Lγ,X(z) 1NX
dNγ,X(Eγ)
dEγ
, (2)
with normalization10
NX =
∫ 100GeV
0.1GeV
dEγEγ
dNγ,X(Eγ)
dEγ
. (3)
In the following, we also allow for a scaling factor η in
the overall normalization. The model of Tamborra et al.
(2014) corresponds to η = 1, based on the observed IR-γ-
ray correlation at z = 0 and the observed IR luminosity
function.
γ rays and neutrinos are produced together in SFGs
via the production and decay of energetic pions from
hadronic CR interactions. The two emission rates are
related as
1
3
∑
α
E2νQνα(z, Eν) '
Kpi
4
E2γQγ(z, Eγ) , (4)
where we introduce the relative charged-to-neutral pion
rate Kpi. For proton-gas (pp) collisions, we assume Kpi '
2, corresponding to an equal contribution of pi−, pi0 and
pi+. The average energies of γ rays and neutrinos are
related as Eγ ' 2Eν .
The corresponding diffuse flux of neutrinos observed at
Earth is then given by the redshift integral
φν(Eν) =
c
4pi
∫ zmax
0
dz
H(z)
Qν(z, (1 + z)Eν) , (5)
where H(z) corresponds to the Hubble parameter at red-
shift z and we assume maximum redshift of zmax = 4 in
our calculations.
In the case of γ rays, we must account for interactions
with cosmic radiation backgrounds between the source
and the observer. Pair production from γ rays via scat-
tering off photons of the cosmic microwave background
10 Our normalization condition differs from that of Tamborra
et al. (2014) in that we fix the γ-ray luminosity in the 0.1–100GeV
interval in the source reference frame. However, this has only a
negligible effect for the calcuation.
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Figure 2. The γ-ray (red lines) and per-flavor neutrino (black lines) hadronic emission of SFGs following the model of Tamborra et al.
(2014). We show the contributions of direct and cascade γ rays separately as dashed and dotted lines, respectively. Each row corresponds
to a different value for the starburst galaxy spectral index ΓSB. In the left panels, the emission is normalized according to the IR-γ-ray
correlation of SFGs with η = 1. In the right panels, we show the same model normalized to the best-fit non-blazar EGB emission in the
0.05–1 TeV energy range (red-shaded area).
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Figure 3. Upper limits on the per-flavor normalization
φν(100TeV) of SFGs depending on the starburst spectral index
ΓSB. The model of Tamborra et al. (2014) is restricted to the
green band where we allow for a 20% uncertainty of the absolute
normalization from the IR-γ-ray correlation. The black and red
lines show the upper limits from the IGRB (0.01–1 TeV) and from
the non-blazar EGB (0.05–1 TeV), respectively. Both results are
shown with uncertainty bands. The data points show the best-
fit power-law neutrino spectrum including the 68% C.L. range in
terms of the spectral index Γ and astrophysical normalization at
100 TeV estimated by IceCube analysis: the high-energy starting
event (HESE) analysis (Aartsen et al. 2014b), the medium-energy
starting event (MESE) analysis (Aartsen et al. 2015b) and the clas-
sical search for up-going νµ+ ν¯µ tracks (Aartsen et al. 2015c). The
values are extracted from Aartsen et al. (2015a), which also derives
a combined fit to the data.
(CMB) peaks at PeV energies with an absorption length
of only 10 kpc. Inverse-Compton scattering of high-
energy electrons and positrons with the same photon
background creates secondary high-energy γ rays that
are again above the pair-production threshold. There-
fore, the super-TeV electromagnetic energy gets quickly
shifted into the sub-TeV range observable with Fermi.
Whereas the CMB is the main driver of these electromag-
netic cascades, the final spectrum depends also on pair-
production on the extragalactic background light (EBL).
In the following, we adopt the model of Domı´nguez et al.
(2011), which provides tables of the EBL spectrum in the
redshift range 0 < z < 4.
The left panels of Figure 2 show the γ-ray and neutrino
emission for the cases ΓSB = {2.0, 2.15, 2.3} with η = 1.
The direct γ-ray and per-flavor neutrino predictions are
in good agreement with the results shown in Figure 5 of
Tamborra et al. (2014). Here, we also show the contri-
bution from cascade γ rays that can enhance the overall
emission if high-energy γ rays escape the galactic envi-
ronment unattenuated. This extra contribution, which
was not included in the Tamborra et al. (2014) analy-
sis, becomes important for hard emission (ΓSB = 2.0) as
shown in the top left panel of Figure 2. The right panels
of Figure 2 show the required renormalization (η < 1)
that would saturate the best-fit non-blazar EGB con-
straint in the energy range 0.05–1 TeV.
In the hard-spectrum scenario with ΓSB = 2.0, star-
bursts could explain the PeV neutrino data while satis-
fying the non-blazar EGB constraint if one allows for a
rescaling of the hadronic emission by η ' 0.2 compared
to the IR-γ-ray luminosity correlation. ΓSB = 2.0 is also
harder than the observed spectra of all γ-ray-detected
starbursts, including the ultra-luminous infrared galaxy
Arp 220 (Table 1). Even in this case, the neutrino data
below 100 TeV exceed the prediction. On the other hand,
a soft spectrum with ΓSB = 2.3 is consistent with η ' 1,
the non-blazar EGB constraint, and the γ-ray spectra of
individual starbursts, but the TeV–PeV neutrino flux is
one order of magnitude below the IceCube signal.
The predicted neutrino spectrum above 10 TeV is dom-
inated by the hard emission from starburst and SF-AGN
galaxies and practically follows a power law with index
ΓSB. We can therefore compare the high-energy tail of
the neutrino emission to the best-fit power-law model
of IceCube in the following. Figure 3 shows the scan
of this model over different spectral indices ΓSB and
per-flavor neutrino flux normalizations at 100 TeV. In
this scan we allow the scaling factor η to float in order
to illustrate the tension with the neutrino observation.
The black and red lines show the upper limits from the
IGRB (0.01–1 TeV) and from the non-blazar EGB (0.05–
1 TeV), respectively, within their uncertainty bands. The
data points in Figure 3 show the best-fit power-law neu-
trino spectrum including the 68% C.L. range in terms
of the spectral index Γ and astrophysical normalization
at 100 TeV estimated by IceCube analysis: the high-
energy starting event (HESE) analysis (Aartsen et al.
2014b), the medium-energy starting event (MESE) anal-
ysis (Aartsen et al. 2015b) and the classical search for
up-going νµ+ ν¯µ tracks (Aartsen et al. 2015c). The com-
bined fit of this data is also shown as the filled data
point (Aartsen et al. 2015a).
The model of Tamborra et al. (2014) with η = 1 is
indicated in Figure 3 as a green line, where we allow
for a 20% uncertainty on the normalization of the IR-γ-
ray luminosity correlation (Ackermann et al. 2012a). As
was already visible in Figure 2, the non-blazar EGB con-
straint (within 68% C.L.) requires softer emission with
ΓSB & 2.15. This index is also consistent with the γ-ray
spectra of individual starburst galaxies summarized in
Table 1. In any case, the neutrino data in the 25 TeV–
2.8 PeV energy range (Aartsen et al. 2015a) favors a
softer power-law index and higher normalization than al-
lowed by the non-blazar EGB constraint.
4. GENERIC COSMIC RAY CALORIMETERS
In the previous section we examined the specific case
of hadronic γ-ray and neutrino emission from SFGs fol-
lowing the model of Tamborra et al. (2014). We now
turn to the more general case of CR calorimeters, focus-
ing on models motivated by the IceCube measurements.
Importantly, our generic CR calorimeter scenario is not
based on multiwavelength scaling relations or luminos-
ity functions, and could be applied to any population
of hadronuclear (pp) neutrino sources that are optically
thin to γ rays in the LAT energy range.
We approximate the cumulative neutrino spectrum
(per flavor) of the population to follow a broken power
6law with an exponential cutoff:
dNν
dEν
∝

E−2ν Eν < 25TeV
E−Γν 25TeV < Eν < 10PeV
E−Γν e
−E/10PeV 10PeV < Eν .
(6)
This model is designed to give a minimal contribution
to the EGB at GeV energies, assuming that the par-
ent CR spectral index below the break is Γ & 2. The
spectral break at 25 TeV is tuned to match the low-
energy end of the neutrino data; a break at lower energies
would increase the GeV γ-ray emission and the bounds
from the non-blazar EGB would become stronger. For
this generic calorimeter model we assume that the emis-
sion rate can be expressed as the product Qν(z, Eν) ∝
ρ(z)dNν(Eν)/dEν where ρ(z) is the redshift evolution
following the star formation rate in the redshift range
0 < z < 4 (Yuksel et al. 2008).
Figure 4 shows the contributions of diffuse neutrinos
and the sum of direct and cascade γ rays for the emission
spectrum of Equation (6). The left panel shows the nor-
malization corresponding to the combined fit of neutrino
data from 25 TeV to 2.8 PeV (gray-shaded region) from
Aartsen et al. (2015a). We find that even for a fine-tuned
spectrum with a break at 25 TeV, the hadronic γ-ray
emission is only marginally consistent with the isotropic
γ-ray background (IGRB). The right plot shows the same
emission model, but normalized to the best-fit non-blazar
contribution to the EGB in the 0.05–1 TeV energy range
(red-shaded region). This new limit provides a stronger
bound on the maximally allowed neutrino flux.
Figure 5 shows the limits on the neutrino flux nor-
malization for different spectral indices Γ. The left
panel shows results for a simple power-law model with-
out a break at 25 TeV. This scenario corresponds to
the method of Murase et al. (2013) and Tamborra et al.
(2014) that derived strong limits on the spectral index
(Γ . 2.2) to explain the IceCube signal without overpro-
ducing the IGRB.
For the broken power-law model of Equation (6) with
a spectral break tuned to the low-energy end of the
neutrino data at 25 TeV, the limits become weaker, as
shown in the right panel of Figure 5. Whereas the IGRB
limit is marginally consistent with the neutrino data, the
maximally allowed non-blazar EGB contribution places
a strong constraint on this model.
5. GENERAL CONSIDERATIONS AND
SYSTEMATIC UNCERTAINTIES
The constraints discussed in the previous two sections
are conservative in several respects. First, the broken
power law model for generic CR calorimeters considered
in Section 4 was specifically designed to account for the
IceCube signal while producing a minimal contribution
to the EGB. As shown in Section 3, a realistic population
of SFGs would include non-negligible contributions from
quiescent galaxies with softer spectral indices, in addi-
tion to the hard component from starbursts that is most
relevant for the IceCube signal (Tamborra et al. 2014).
Second, any leptonic emission from SFGs would result
in additional γ-ray emission without a neutrino coun-
terpart. Finally, other extragalactic source populations,
such as mis-aligned AGN are expected to have compara-
ble EGB contributions to SFGs (Inoue 2011a; Di Mauro
et al. 2014a; Hooper et al. 2016). Each of these factors
would imply a more stringent upper bound on the cumu-
lative hadronic γ-ray emission of SFGs at energies above
50 GeV, and accordingly, a more stringent upper bound
on their neutrino emission at TeV to PeV energies.
We tested several variations to our fiducial models
to explore the impacts of systematic uncertainties and
changing different model parameters. For the Tamborra
et al. (2014) model, we considered a variation with diffu-
sion index δ = 1/3 instead of δ = 1/2 for normal galaxies,
shown in the top left panel of Figure 6. The IGRB as
well as non-blazar EGB bounds become slightly stronger
in this case.
A higher EBL density at low redshift could deplete the
> 50 GeV γ-ray spectrum and reduce the tension with
the non-blazar EGB bound. We have checked that en-
larging the EBL density by 50% at all redshifts — the
maximum increase allowed by observations of individual
blazars (Ackermann et al. 2012b) — does not substan-
tially affect our conclusions. The corresponding bounds
for the model of Tamborra et al. (2014) are illustrated in
the top right panel of Figure 6.
A larger fraction of soft emitting SF-AGN galaxies
could also reduce the tension with the non-blazar EGB
constraint. The middle right panel of Figure 6 shows a
calculation assuming that all SF-AGN galaxies in the
model by Tamborra et al. (2014) are treated as nor-
mal galaxies. Indeed, for this case the benchmark model
η = 1 is even compatible with the non-blazar EGB bound
for a spectral index Γ ' 2.1. However, with this model
variation the predicted neutrino emission of SFGs is still
in strong tension with the neutrino data. On the other
hand, the middle left panel of Figure 6 shows the case of
treating all SF-AGN galaxies as SB galaxies with hard
emission. This model variation increases the tension of
the benchmark model with γ-ray bounds.
Even if we only consider contributions from direct γ-
ray emission and neglect cascade contributions, the neu-
trino data is only marginally consistent with the non-
blazar EGB limit, as shown in the bottom panels of Fig-
ure 6 for the Tamborra et al. (2014) model (left), and the
generic CR calorimeter model (right). Suppression of the
cascade component could result from e+e− pair produc-
tion in the intense radiation fields within the starburst it-
self that prevent very high energy photons from escaping
(Torres 2004; Inoue 2011b; Chang & Wang 2014; Yoast-
Hull et al. 2015). However, the γ-ray opacity within star-
bursts is only expected to be significant at multi-TeV
energies and is therefore not expected to strongly affect
our constraints based on the cumulative emission of SFGs
above 50 GeV. Alternatively, it has been suggested that
plasma instabilities in intergalactic space might suppress
cascade development (Broderick et al. 2012).
6. CONCLUSIONS
New studies of the EGB composition at energies above
50 GeV find a dominant contribution from blazars, leav-
ing only a ∼ 14% residual component attributed to all
other source classes, including SFGs. Motivated by this
bound, we studied the cumulative hadronic γ-ray and
neutrino emission of SFGs. Figure 3 summarizes our
main result that SFGs are now disfavored as a domi-
nant component of the IceCube astrophysical neutrino
signal. Hadronic emission from SFGs that is consis-
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Figure 4. The hadronic γ-ray (red lines) and per-flavor neutrino (black lines) contribution of generic CR calorimeters following the model
of Equation (6) with Γ = 2.5. We show the contribution of direct and cascaded γ rays separately as dashed and dotted lines, respectively.
In the left plot the emission is normalized according to the best-fit of the combined neutrino data (Aartsen et al. 2015a) in the 25 TeV to
2.8 PeV energy range (gray-shaded area). The corresponding total γ-ray emission is only marginally consistent with the isotropic γ-ray
background (IGRB). In the right plot we show the same model normalized to the best-fit 14% non-blazar emission in the 0.05–1 TeV EGB
(red-shaded area).
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Figure 5. Same as Figure 3, but now showing the upper limits on the per-flavor normalization φν(100TeV) in terms of the spectral index
Γ of the high-energy neutrino spectrum for generic CR calorimeters. The left panel shows the constraints for a simple power-law emission
spectrum and the right panel the constraints for a broken power-law model following Equation (6).
tent with both the IR-γ-ray luminosity correlation and
the non-blazar EGB bound requires soft emission with
ΓSB & 2.15, matching the observed spectra of individual
γ-ray-detected starburst galaxies. Taking the ΓSB = 2.2
case as an example, the maximal contribution of SFGs
to the best-fit diffuse neutrino background of Aartsen
et al. (2015a) is ∼ 30% at 100 TeV and ∼ 60% at 1
PeV when saturating the upper bound (28%) on the non-
blazar fraction of the EGB.
We have also studied the emission of generic CR
calorimeters, allowing for hard γ-ray emission below
25 TeV to avoid the non-blazar EGB limit. These re-
sults are summarized in Figure 5. Following the model
of Equation (6) and assuming the best-fit normalization
and spectral index of Aartsen et al. (2015a), the maximal
contribution of SFGs to the diffuse neutrino background
between 25 TeV and 2.8 PeV is ∼ 30%, again saturating
the upper bound on the non-blazar EGB component.
The astrophysical neutrino signal reported by IceCube
is the component that remains after accounting for at-
mospheric backgrounds, which are increasingly impor-
tant towards lower energies. If the IceCube signal were
substantially contaminated by unaccounted atmospheric
backgrounds, our constraints on the relative contribu-
tion of SFGs to astrophysical neutrino emission would
be weakened, while the absolute limits on their neutrino
emission would be unchanged. However, multiple em-
pirical (e.g., Aartsen et al. 2015b) and theoretical (e.g.,
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Figure 6. The effect of model variations on the γ-ray bounds compared to the nominal results shown in Figs. 3 and 5. Top: The SFG
model of Tamborra et al. (2014) for a diffusion index δ = 1/3 (left) and for an extreme EBL intensity estimated by rescaling the model of
Domı´nguez et al. (2011) by a factor of 1.5 (right). Middle: The model of Tamborra et al. (2014) assuming that all SF-AGN galaxies have
hard emission as SB (left) or soft emission as NG (right). Bottom: The model of Tamborra et al. (2014) (left) and the generic model with
spectrum (6) (right) omitting the contribution of cascade γ rays.
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Halzen & Wille 2016) arguments disfavor this scenario,
and a deep study of atmospheric backgrounds in IceCube
is beyond the scope of this work.
We draw two main conclusions from the results above:
(i) The high-energy neutrino emission of several of the
most prominent non-thermal extragalactic source classes
is now bounded by an ensemble of multi-messenger con-
straints. A joint-likelihood search targeting γ-ray blazars
finds that this population can account for <19–27% of
the IceCube flux (Aartsen et al. 2016). A similar search
towards GRBs excludes a contribution larger than 1%
(Aartsen et al. 2015d). In this work, we argue that a
third class of extragalactic sources, SFGs, is also likely a
sub-dominant component. Together, these bounds imply
that the sources of high-energy IceCube neutrinos are not
readily traced by extragalactic γ-ray emitters, with the
possible exception of radio galaxies. Given the tight ex-
pected connection between neutrino and γ-ray emission,
one possibility is that the neutrinos originate from envi-
ronments with high γ-ray opacity (Murase et al. 2016),
or that the neutrinos mainly come from entirely differ-
ent source classes. For example, the above constraints
would be alleviated if a large Galactic contribution were
present, although many of these scenarios are also disfa-
vored (Ahlers et al. 2016). It is also possible that multi-
ple distinct source classes have leading contributions over
different parts of the TeV to PeV energy range.
(ii) An upper bound on the emission of SFGs may be
encouraging for those seeking the first individual high-
energy neutrino sources. Starburst galaxies are among
the most numerous candidate neutrino sources (local
density of ∼ 10−4 Mpc−3) and therefore must be in-
dividually faint in order not to overproduce the mea-
sured neutrino flux. Given this high local density, and
accounting for cosmic evolution, the cumulative emis-
sion of SFGs is predicted to be nearly isotropic even
on small angular scales (Ahlers & Halzen 2014). Also,
the neutrino emission of individual SFGs is expected to
be steady over Myr timescales given the lifetime of CRs
in the interstellar medium, and therefore no distinctive
signatures in the time domain are available to enhance
sensitivity to individual sources. For these reasons, if
SFGs were the main component of the diffuse neutrino
background, the prospects for detecting individual neu-
trino sources would be rather bleak, requiring an ex-
posure substantially larger than can be achieved with
IceCube or even proposed next-generation neutrino tele-
scopes such as IceCube-Gen2 (Aartsen et al. 2014a) and
KM3NeT (Adrian-Martinez et al. 2016). The present re-
sults largely exclude that scenario, and therefore keep
open the possibility that source classes with more con-
spicuous small-angle anisotropy signals and/or temporal
variations may be found in the near future.
Note Added.—After the submission of this work,
Kistler (2015) also pointed out the difficulty of reconcil-
ing the high neutrino intensity observed at TeV energies
and the limits set by the EGB for extragalactic sources.
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